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(54) Self-tuning clock recovery phase locked loop circuit 



(57) A self-tuning clock recovery PLL includes a pro- 
grammable divide-by-M, a phase-frequency detector, a 
programmable VCO, a programmable divide-by-N, and 
a PLL tuning circuit, which in normal mode operation, 
perform as a conventional PLL. When the frequency of 
an input clock signal to the PLL changes by more than 
a threshold value, however^ the PLL tuning circuit caus- 



es the PLL to be retuned for the new frequency by ad- 
justing offset and gain parameters in the PLL such that 
the input voltage to the VCO is mid-way in its input volt- 
age range when the output clock frequency of the PLL 
is approximately equal to the input clock frequency mul- 
tiplied by a closed loop gain of the PLL, so that the VCO 
is operating in a linear region having wide dynamic fre- 
quency range. 
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Description 

This invention relates in general to phase-locked 
loop circuits and in particular, to a self -tuning clock re- 
covery phase-locked loop circuit. 

A clock recovery phase-locked loop circuit is em- 
ployed, for example, in digital audio equipment to gen- 
erate clock signals useful for extracting audb data from 
incoming audio signals, and clocking digital-to-analog 
converters to generate output audio signals after 
processing. In such and other applications, the incoming 
signals may be encoded at different and wide ranging 
sampling rates, presenting stability and/or response 
time problems for a clock recovery phase-locked loop 
circuit generating synchronized clock signals from such 
incoming signals. 

There are several digital audio standards in exist- 
ence. Audio compact disks (CDs) commonly use a sam- 
pling rate of 44. 1 Khz. Other digital audio standards use 
sampling rates of 32 Khz, 48 Khz, and 96 Khz. To pro- 
vide optimal stability and response time, it is desirable 
to tune a clock recovery phase-locked loop circuit to the 
sampling rate, or a center frequency within a narrow 
range including the sampling rate, of the incoming audio 
signal, so as to operate the clock recovery phase-locked 
loop circuit in a linear region having wide dynamic output 
range. Accordingly, in digitalaudio equipment receiving 
incoming data signals of such wide ranging sampling 
rates, a tunable clock recovery phase-locked loop circuit 
is useful, and a self-tuning clock recovery phase-locked 
loop circuit is particularly useful. 

Tuning a phase-locked loop circuit also commonly 
requires a stable reference or tuning clock. In digital sys- 
tems, the system clock is commonly used for this pur- 
pose. Accordingly, since system clock frequencies may 
vary substantially from system to system, it is useful for 
clock recovery phase-locked loop circuits included in 
commercially standard integrated circuit devices, to be 
readily and reliably tunable when used in various sys- 
tems operating at different system clock frequencies. It 
is also useful for such clock recovery phase-locked loop 
circuits to accommodate process variations in their 
manufacture, and temperature effects in their operation. 

Accordingly, one object of the present invention is 
to provide a tunable clock recovery phase-locked loop 
circuit adapted to accommodate incoming signals hav- 
ing data encoded with different sampling rates. 

Another object is to provide a self-tuning clock re- 
covery phase-locked loop circuit that automatically re- 
tunes itself to be operative with incoming signals having 
data encoded with different sampling rates. 

Another object is to provide a self-tuning clock re- 
covery phase-locked loop circuit that operates with sys- 
tem clock signals of different frequencies, and accom- 
modates process variations in their manufacture and 
temperature effects in their operation. 

These and additional objects are accomplished by 
the various aspects of the present invention, wherein 



briefly stated, one aspect is a self-tuning phase-locked 
loop (PLL) circuit which tunes itself, for example, upon 
receiving a relock signal placed in a relocking mode 
state. Included in the self -tuning PLL are a divide-by-M 
circuit, a phase-frequency detector (PFD) circuit, a volt- 
age-controlled oscillator (VCO) circuit, adivide-by-N cir- 
cuit, and a PLL tuning circuit. The divide-by-M receives 
an input clock signal having an input clock frequency, 
and generates a clock signal having a frequency ap- 
proximately equal to the input clock frequency divided 
by an M-value preferably stored in an M-register of the 
divide-by-M circuit. In a similar fashion, the divide-by-N 
receives an output clock signal having an output clock 
frequency, and generates a clock signal having a fre- 
quency approximately equal to the output clock frequen- 
cy divided by an N-value preferably stored in an N- reg- 
ister of the divide-by-N circuit. The PFD has a first input 
receiving the clock signal generated by the divide-by-M, 
a second input receiving the clock signal generated by 
the divide-by-N, and an output indicating phase and fre- 
quency differences between the received clock signals. 
The VCO, along with other parts of the self-tuning PLL, 
is coupled to a power supply providing a supply voltage 
VCC. The VCO has a voltage input receiving an input 
voltage VI N from a node, to which, the PFD output is 
switchably coupled. The VCO also has at least one pa^ 
rameter adjusting input receiving at least one parameter 
adjusting value : and an output providing the output clock 
signal such that the output clock frequency is related to 
the input voltage and the at least one parameter adjust- 
ing value. The PLL tuning circuit receives the relock sig- 
nal, and if the relock signal is in the relocking mode state, 
causes the PFD output to decouple from the node, and 
adjusts the at least one parameter adjusting value such 
that the output clock frequency is approximately equal 
to the input clock frequency multiplied by a closed loop 
gain of the self-tuning phase-locked loop circuit when 
the input voltage is one-half the supply voltage, which 
corresponds to being mid-way in the input voltage 
range, so that the VCO is operating in a linear region 
having wide dynamic frequency range. 

Another aspect is a self -tuning clock recovery 
phase-locked loop circuit coupled to a supply voltage, 
comprising: a divide-by-M circuit having an input for re- 
ceiving a reference clock signal, and an output; a phase- 
frequency detector circuit having a first input, a second 
input, and an output, wherein the first input is coupled 
to the divide-by-M circuit output; a voltage-controlled os- 
cillator having a voltage input, a programmable offset 
input, and an output, wherein the voltage input is switch- 
ably coupled to the phase-frequency detector circuit out- 
put, and the voltage-controlled oscillator output has a 
frequency responsive to the voltage input and the pro- 
grammable offset input; a divide-by-N circuit having an 
input and an output, the input coupled to the voltage- 
controlled oscillator output, and the output coupled to 
the phase-frequency detector second input; means for 
determining a clock frequency from an incoming data 
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stream; and means for adjusting the voltage-controlled . 
oscillator programmable offset input so that the voltage- 
controlled oscillator is substantially equal to the deter- . 
mined clock frequency multiplied by a closed loop gain 
of the phase-locked loop circuit when the voltage-con- 5 
trolled oscillator voltage input is substantially equal to 
an optimal input voltage for the voltage-controlled oscil- 
lator. 

Another aspect is a self-tuning clock recovery 
phase-locked loop circuit coupled to a supply voltage, 10 
comprising: a divide-by-M circuit having an input for re- 
ceiving a reference clock signal, and an output; a phase- 
frequency detector circuit having a first input, a second 
input, and an output, wherein the first input is coupled 
to the divide-by-M circuit output; a voltage-controlled os- is 
cillator having a voltage input, a programmable offset 
input, and an output, wherein the voltage input is switch- 
ably coupled to the phase-frequency detector circuit out- 
put, and the voltage-controlled oscillator output has a 
frequency responsive to the voltage input and the pro- 20 
grammable offset input; a divide-by-N circuit having an 
input and an output, the input coupled to the voltage- 
controlled oscillator output, and the output coupled to 
the phase-frequency detector second input; means for 
determining a clock frequency from an incoming data 25 
stream; and means for adjusting the voltage-controlled 
oscillator programmable offset input so that the voltage- 
controlled oscillator is substantially equal to the deter- 
mined clock frequency multiplied by a closed loop gain 
of the phase-locked loop circuit when the voltage-con- 30 
trolled oscillator voltage input is substantially equal to 
an optimal input voltage for the voltage-controlled oscil- 
lator. - ; 

Another aspect is a method of tuning a phase- 
locked loop circuit to recover a clock signal from an in- 35 
coming data stream. The phase-locked loop circuit in- 
cludes a voltage-controlled oscillator having a voltage 
input, at least one adjustable parameter, and an output 
having a frequency responsive to the voltage input and 
the atleast one adjustable parameter. The method com- 40 
prises the steps of: determining a clock frequency of the 
incoming data stream; and adjusting the at least one ad- 
justable parameter of the voltage-controlled oscillator so 
that when the voltage-controlled oscillator voltage input 
is substantially at an optimal input voltage, the frequen- . 45 
cy of the output of the voltage-controlled oscillator is 
substantially equal to the determined clock frequency 
multiplied by a closed loop gain of the phase-locked loop 
circuit. 

Another aspect is a method of re-tuning a phase- so 
locked loop circuit to recover a clock signal from an in- 
coming data stream after a frequency of the incoming 
data stream changes. The phase-locked loop circuit in- 
cludes a voltage-controlled oscillator having a voltage 
input, at least one adjustable parameter, and an output ss 
having a frequency responsive to the voltage input and 
the at least one adjustable parameter. The method com- 
prises the steps of: monitoring the incoming data stream 



to detect a change in the incoming data stream frequen- 
cy and determine a new frequency from the incoming 
data stream afterthe change in frequency; and adjusting 
the at least one adjustable parameter of the voltage- 
controlled oscillator so that when the voltage input of the 
voltage-controlled oscillator is substantially at an opti- 
mal input voltage, the frequency of the output of the volt- 
age-controlled oscillator is substantially equal to the de- 
termined new frequency multiplied by a closed loop gain 
of the phase-locked loop circuit. 

Yet another aspect is a method of generating a fixed 
frequency clock signal from a plurality of voltage-con- 
trolled oscillators and a system clock signal of known 
arbitrary-frequency. The method comprises the steps of: 
programming a divide-by-S circuit such that the frequen- 
cy divisor is approximately equal to the known arbitrary 
frequency multiplied by a preselected factor; generating 
a reference clock signal having a frequency substantial- 
ly proportional to a reciprocal of the preselected factor 
by providing the system clock signal to an input of the 
divide-by-S circuit; sequentially calibrating one-at-a- 
time the plurality of voltage-controlled oscillators with 
the reference clock signal; and generating the fixed fre- 
quency clock signal alternatingly from selected ones, 
which are not being calibrated at the time, of the plurality 
of voltage-controlled oscillators. 

Additional objects, features and advantages of the 
various aspects of the present invention will become ap- 
parent from the following description of its preferred em- 
bodiments, which description should be taken in con- 
junction with the accompanying drawings. 

Fig. 1 illustrates, as an example, a block diagram of 
a self-tuning phase-locked loop circuit, utilizing as- 
pects of the present invention; 
Figs. 2a-2c illustrate, as examples, block diagrams 
of the programmable frequency dividers of the self- 
tuning phase-locked loop circuit of fig. 1, utilizing as- 
pects of the present invention; 
Fig. 3 illustrates, as an example, a block diagram of 
the programmable VCO of the self-tuning phase- 
locked loop circuit of fig. 1, utilizing aspects of the 
present invention; 

Fig. 4 illustrates, as an example, a block diagram of 
the PLL controller included in the self-tuning PLL 
circuit of fig. .1, utilizing aspects of the present in- 
vention; 

Fig, 5 illustrates, as an example, a block diagram of 
the clock signals generator included in the PLL con- 
troller of fig. 4, utilizing aspects of the present in- 
vention; 

Fig. 6 illustrates, as an example, a block diagram of 
the timing signals generator included in the PLL 
controller of fig. 4, utilizing aspects of the present 
invention; 

Fig. 7 illustrates, as an example, a logic diagram of 
the clock signal extractor, included in the PLL con- 
troller of fig. 4, utilizing aspects of the present in- 
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vent ion; 

Fig. 8 illustrates, as an example, a logic diagram of 
the synch generator included in the PLL controller 
ot fig. 4, utilizing aspects ot the present invention; 
Fig. 9 illustrates, as an example, a logic diagram of 
the phase-frequency detector enable signal gener- 
ator included in the PLL controller of fig. 4, utilizing 
aspects of the present invention; 
Fig. 10 illustrates, as an example, a block diagram 
of the DCO calibrator included in the PLL controller 
of fig. 4, utilizing aspects of the present invention; 
Fig. 11 illustrates, as an example, a flow diagram of 
a process utilizing aspects of the present invention 
for determining a frequency from the SPDIF audio 
data signal; 

Fig. 12 illustrates, as an example, a flow diagram of 
a process utilizing aspects of the present invention 
for detecting a frequency change in the SPDIF au- 
dio data signal; 

Fig: 1 3 illustrates, as an example, a flow diagram of 
a process utilizing aspects of the present invention 
for retuning the self-tuning PLL circuit of fig. 1 to a 
new frequency; 

Fig. 14 illustrates, as an example, a flow diagram of 
a process utilizing aspects of the present invention 
for calibrating a plurality of DCOs one-at-a-time; 
and 

Fig. 15 illustrates, as examples, timing diagrams 
useful for describing the process of extracting a 
clock signal from the SPDIF audio data signal, and 
generating a phase-frequency detector enable sig- 
nal during normal reading of data from the SPDIF 
audio data signal. 

In the following examples, the incoming audio data 
signal is assumed to be encoded in the S/PDIF format 
(Sony/Philips digital interface) or the substantially iden- 
tical, IEC-958 consumer format (type II), and sampled 
at 32 KHz, 44.1 KHz, 48 KHz, or 9'6 KHz with 64 bits 
every audio sampling period when audio data is coming 
in (normal mode). In order to properly extract audio data 
from such signals, digital audio equipment such as em- 
ployed, for examples, inaudiocompactdisk(CD), digital 
direct broadcast satellite (DBS), digital versatile disk 
(DVD), and cable/modem systems, must quickly deter- 
mine the sample rate of the incoming data, then adjust 
to receive the data at that sample rate. 

Fig. 1 illustrates, as an example, a block diagram of 
a self-tuning clock recovery phase-locked loop (PLL) cir- 
cuit 100 which is useful in such digital audio equipment. 
The self-tuning PLL circuit 100 receives a number of 
clock and control signals from other circuitry in the digital 
audio equipment. A system clock signal SYS_CLK is re- 
ceived, which is commonly generated from a clock crys- 
tal. An extracted clock signal XR_CLK : a calibrated fixed 
clock signal F J3LK, and a relocking signal RELOCK are 
also received, which are generated from other circuitry 
preferably included with the self-tuning clock recovery 
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PLL 100 on an integrated circuit chip or device in the 
digital audio equipment. The self -tuning PLL circuit 100 
is also coupled to a number of registers and an external 
memory, which are generally programmed specifically 
5 for the digital audio equipment. For example, one reg- 
ister (not shown) coupled to data lines 110 stores the 
normal operating mode M-value for the frequency divi- 
sor of a divide-by-M circuit 101. Another register (not 
shown) coupled to data lines 111 stores a number equal 
io to a rounded-off product of the system clock frequency 
times 128 in MHz. A look-up table (LUT) included in an 
external memory (not shown) coupled to data lines 114, 
stores tuning data for the divide-by-Q and divide-by-N 
circuits, 106 and 107. A register also included the exter- 
15 nal memory (not shown) coupled to data lines 114, 
stores the normal operating mode N-value for the fre- 
quency divisor of a divide-by-N circuit 107. 

In normal mode operation, the self-tuning phase- 
locked loop circuit 1 00 operates in a conventional fash- 

20 ion to generate an output clock signal CLK(FO) having 
an output clock frequency F0, which is exactly synchro- 
nized with an input clock signal CLK(FD) having an input 
clock frequency FD, so that the output clock frequency 
F0 is approximately equal to the input clock frequency 

25 FD times the ratio (N/M), which is the closed loop gain 
of the self-tuning phase-locked loop circuit 100. In such 
normal mode operation, the extracted clock signal 
XR_CLK is provided by PLL tuning logic 1 20 to the input 
of the divide-by-M circuit 101 as the input clock signal 

30 CLK(FD). In the present example, the M-value is equal 
to the value "1 " so that the frequency of the clock signal 
CLK(FM) coming out of the divide-by-M 101 is the same 
as the frequency of the input clock signal CLK(FD). The 
N-value, on the other hand, is equal to a sampling rate 

35 required for clocking an audio DAC in the digital audio 
equipment. Typical N-values are "4" and "6" so that the 
frequency (F0) or sampling rate of the output clock sig- 
nal CLK(FO) is 4 or 6 times the frequency (FD) or sam- 
pling rate of the input clock signal CLK(FD). The output 

40 clock signal CLK(FO) is thereupon used for clocking the 
audio DAC; and another clock signal used for extracting 
. data from the incoming SPDIF audio signal is preferably 
generated from the output clock signal CLK(FO) so as 
to have a frequency which is 2 times the frequency (FD) 

45 of the input clock signal CLK(FD), and a phase lagging 
that of the input clock signal CLK(FD) by approximately 
90 degrees (for extracting biphase mark encoded data). 

The programmable frequency dividers 101, 1 06 and 
107, as depicted respectively in figs. 2a-2c, are conven- 

50 tionally constructed to include a register and a counter. 
The register stores a value programmed into the register 
by providing the value on corresponding data lines while 
enabling a register enable line coupled to the register. 
The counter receives an input clock signal and counts 

55 rising edges of the input clock signal. When the count 
reaches the programmed value stored in the register, 
the counter generates a rising edge on its output clock 
signal, thereby performing the frequency divider f unc- 
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tion. The count on the counter may generally be read at 
any time. The count on the counter may also be reset 
at any time by enabling a counter reset line coupled to 
the counter. As an example, the programmable divide- 
by-N 107 includes an N-register 1071 and an N-counter 
1072. A value "N" (i.e., N-value) may be storied in the re- 
register 1 071 by providing the value B N" on the data lines 
1 1 4 while enabling an N-register enable line N_WR. The 
clock signal CLK(FO) is provided to a clock input of the 
N-counter 1072, which counts rising edges of the clock 
signal. CLK(FO) until the value "N" is reached, at which 
time, a rising edge pulse is generated on the clock signal 
CLK(FN) so that the frequency FN of the clock signal 
CLK(FN) is approximately equal to the frequency (F0) 
divided by the value "N". The count on the N-counter 
1072 may be read at any time on data lines 115, and 
reset by enabling an N-counter reset line RSTN The 
programmable divide-by-Q 106 and programmable di~ 
vide-by-M 101 have similarly performing components, 
and enable and reset lines. 

Phase-frequency detector 102 is conventionally 
constructed and operated, having a first input receiving 
a clock signal CLK(FM) generated by theprogrammable 
divide-by-M 101, a second input receiving a clock signal 
CLK(FN) generated by the programmable divide-by-N 
107, and an output indicative of phase and frequency 
differences between the two received clock signals. The 
output of the phase-frequency detector 102 is tri-stated. 
so that the output floats when a control signal PFD_EN 
is deactivated or disabled. By floating the output, the 
phase-frequency detector 102 is effectively disabled by 
decoupling it from a node 122, thereby breaking the for- 
ward path of self-tuning clock recovery phase-locked 
loop circuit 100. The low-pass or loop filter 104 is con- 
ventionally constructed and operated to provide stability 
to the self-tuning phase-locked loop circuit 100. 

The programmable voltage-controlled oscillator 
(VCO) 105 has an input coupled to the output of the low-, 
pass filter 104, and ah output providing an interim clock 
signal CLK(FI). As depicted in fig. 3, the programmable 
VCO 105 includes an F-register 1051 , a voltage -to-cur- 
rent converter (V-l) 1 052, and a current-controlled oscil- 
lator (CCO) 1053, coupled together such that the fre- 
quency (Fl) of the clock signal CLK(FI) varies with the 
input voltage VI N to the programmable VCO 105. A fre- 
quency offset parameter (FC) is stored in the F-register 
1051 by enabling an F-register enable line FRE while 
providing the offset parameter (FC) on data lines 121. 

The programmable VCO 105 in conjunction with the 
divide-by-Q 106 provide at the output of the self-tuning 
clock recovery phase-locked loop circuit 100, the clock 
signal CLK(FO) having a frequency (F0) approximated 
by the following equation: 



FC = 

K = 
VIN = 
S Q = 



the programmable offset parameter stored in 

the F-register 1051; 

a gain of the VCO 105; 

the input voltage to the VCO 105; and 

the "Q" value stored in the Q-register 1061 of 

the divide-by-Q 106. 



F0= (FC '+ K x VIN) x (1 / Q) 



0) 



where, 



For convenience, the divide-by-Q 1 06 may also be con- 
sidered to be a part of the programmable VCO 105, as 
10 indicated by the dotted line box encircling the two com- 
ponents. 

During tuning mode operation, as initiated by the 
relock signal being placed in the relocking mode state, 
charge pump 103 acts as a voltage adjust circuit to 
is charge up or down as appropriate, a voltage on the node 
122. For optimal performance of the self-tuning phase- 
locked loop circuit 100, it is desirable that the input volt- 
age VIN to the programmable voltage-controlled oscil- 
lator 105 be at midpoint of its input voltage range when 

20 the output frequency F0 is stabilized at its proper value 
during normal mode operation. This allows the program- 
mable voltage-controlled oscillator 105 and conse- 
quently, the self-tuning phase-locked loop circuit 100 to. 
operate near its most linear region, thus providing en- 

25 hanced control characteristics, and also allows maxi- 
mum range in either direction to quickly adjust to input 
clock signal CLK(FD) frequency perturbations. Since 
the input voltage range typically extends from 0 volts up 
to a supply voltage VCC provided by a power source to 

30 the programmable voltage-controlled oscillator 1 05, the 
optimal input voltage is thus generally equal to VCC/2. 
In addition to the input voltage VIN being at midpoint of 
its input voltage range when the output frequency F0 is 
stabilized at its proper value during normal mode oper- 
as ation, it is also desirable that the output frequency range 
of the combination of the programmable voltage-con- 
trolled oscillator 1 05 and divide-by-Q circuit 1 06, be cen- 
tered around the output frequency F0. The PLL tuning 
logic 120 performs such function by appropriately ad- 

40 justing the voltage on node 1 22, the programmable off- 
set parameter FC stored in the F-register 1 051 , and the 
Q-value stored in the Q-register 1061 of the divide-by- 
Q 1 06 during tuning mode operation. 

Fig. 4 illustrates, as an example, a block diagram 

45 including the PLL tuning logic 120, and certain phase- 
locked loop related circuitry which cooperate to provide 
the clock and control signals for the PLL tuning logic 
120. Some of the circuitry depicted therein, such as the 
frequency detector 403, clock extractor 404, and phase- 

50 frequency detector enable 406 are conventionally con- 
structed and operated. Consequently, examples imple- 
menting such circuitry are presented, but are not elab- 
orated upon in detail. Other circuitry, on the other hand, 
such as digital-controlled oscillators (DCOs) 411-414, 

55 DCO calibrator 407, clock signals generator 401, and 
frequency change detector 408 are somewhat unique in 
their operation, and therefore, examples describing 
such are presented in appropriate detail. 
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As a preliminary matter, a digital-controlled oscilla- 
tor (DCO) as used herein, is understood to be construct- 
ed in a similar manner as the voltage-controlled oscilla- 
tor 1 05, with the exceptions that a voltage-to-current cir- 
cuit (e.g., 1052) is not included, and a fixed bias current 
is provided to the input of the current-controlled oscilla- 
tor (e.g., 1052) so that a clock signal having a target 
period results when there is no offset bias in the F-reg- 
ister (e.g. , 1 051 ). The frequency and period of the clock 
signal generated by the DCO may thereupon be 
changed by adjusting the offset bias stored in the F-reg- 
ister of the DCO. 

Four programmable DCOs 411-414 are thus con- 
figured to each provide a clock signal having a target 
period of 8.1 33 nanoseconds. On a rotating basis, three 
of the DCO clock signals are used by circuitry in fig. 4, 
while the fourth is being calibrated. Employment of the 
four programmable DCOs 411-414 in this manner, al- 
lows each of the four programmable DCOs 411-414 to 
be periodically calibrated so that their output clock sig- 
nals remain as close as; possible, to having the target 
period of 8.133 nanoseconds, despite temperature 
changes in their operation, or process variations in their 
manufacture. 

The clock signals generator 401 , as depicted in fig. 
5, includes a programmable divide-by-S (-^S) 505, and 
four multiplexer circuits 501-504. The function of the 
programmable divide-by-S 504 is to generate a refer- 
ence clock signal RE F_CLK having a frequency of 
(1/128) MHz, independent of the frequency of the sys- 
tem clock signal SYS_CLK. This function is useful so 
that the self -tuning phase- locked loop circuit 1 00 can be 
implemented in a standard integrated circuit chip which 
in turn, may be used in various digital audio equipment 
operating with different system clock frequencies. To ac- 
complish such function, an S-register 5051 of the divide- 
by-S 505 is programmed to store a value equal to 128 
times the system clock frequency in MHz. An S-counter 
5052 of the divide-by-S 505 thereupon performs the di- 
vide-by-S function on the system clock signal SYS CLK, 
resulting in the reference clock signal REF_CLK having 
the frequency of (1/128) MHz. Programming of the di- 
vide-by-S 505 is accomplished in the same fashion as 
described in reference to the divide^by-M 101, the di- 
vide-by-Q 106, and the divide-by-N 107. 

Each of the three multiplexer circuits 501-504 pref- 
erably receives all four DCO clock signals from the four 
programmable DCOs 411-414, and passes a selected 
one of the DCO clock signals to their respective outputs 
depending upon a 2-bit COUNT value provided to their 
respective select inputs. For example, if the 2-bit 
COUNT value is 00, multiplexer circuit 501 passes the 
clock signal from DCO 411 as its output clock signal F 
CLK, multiplexer circuit 502 passes the clock signal from 
DCO 41 2 as its output clock signal W0_CLK, multiplexer 
503 passes the clock signal from DCO 41 3 as its output 
clock signal W1_CLK, and multiplexer circuit 504 pass- 
es the clock signal from DCO 414 as its output clock 



signal C_CLK. On the other hand, if the 2-bit COUNT 
value is 01 , multiplexer circuit 501 passes the clock sig- 
nal from DCO 41 2 as its output clock signal F_CLK, mul- 
tiplexer circuit 502 passes the clock signal from DCO 
5 41 3 as its output clock signal W0_CLK, multiplexer 503 
passes the clock signal from DCO 41 4 as its output clock 
signal W1_CLK, and multiplexer circuit 504 passes the 
clock signal from DCO 411 as its output clock signal 
C_CLK. In a similar manner clock signals being passed 
io by the multiplexer circuits 501 -504 for 2-bit COUNT val- 
ues 10 and 11 , are also readily determined by inspection 
of fig. 5. In addition to the sequence depicted by the con- 
nections between the DCOs 411-41 4 and the multiplex- 
er circuits 501-504 in fig. 5, other sequences are also 

15 readily envisioned by appropriate changes in the con- 
nections between the DCOs 41 1-41 4 and the multiplex- 
er circuits 501 -504. 

The frequency detector 403 is preferably imple- 
mented as a state machine running with the clock signal 

20 F_CLK, and detects the frequency (FD) of the incoming 
SPDIF audio data signal according to a process de- 
scribed in reference to fig. 11 . Referring to fig. 11 , in a 
first step 1101, the frequency detector 403 effectively 
clears the contents of a maximum count register, clears 

25 the count of an F_CLK counter counting rising edges on 
the clock signal F_CLK, and clears the count of an 
XR_CLK counter counting rising edges on the clock sig- 
nal XR_CLK. In a second step 1102, the frequency de- 
tector 403 causes the F_CLK counter to reset each time 

30 a state transition occurs oh the incoming audio data sig- 
nal SPDIF, and stores the count of the F_CLK counter 
just prior to the reset in a temporary register. Concur- 
rently, the XR_CLK counter is counting rising edges on 
the clock signal XR_CLK. In a third step 1103, if the . 

35 count stored in the temporary register is greater than a 
count value stored in the maximum count register, then 
in a fourth step 1 1 04, the count stored in the temporary 
register replaces the count value stored in the maximum 
count register. In a fifth step 1105, if the count of the 

40 XR_CLK counter equals 64, then a sixth step 1106 is 
performed, otherwise, steps 1102-1105 are repeated. 

In the sixth step 1106, the count stored in the max- 
imum count register is converted to a frequency by com- 
paring it against fourthreshold levels. The four threshold 

45 levels arise, because the incoming audio data signal, in 
this example, must correspond to only one of the follow- 
ing five frequencies: DC (no data being transmitted at 
the time), 2.048 MHz (32 Khz sampling rate with 64 bits 
every audio sampling period in normal mode), 2.8224 

50 MHz (44,1 Khz sampling rate with 64 bits every audio 
sampling period in normal mode), 3 072 MHz (48 Khz 
sampling rate with.64 bits every audio sampling period 
in normal mode), or 6.144 MHz (96 Khz sampling rate 
with 64 bits every audio sampling period in normal 

55 mode). The count can be converted to a frequency, be- 
cause the preamble of each record transmitted in the 
SPDIF audio data signal includes an initial portion hav- 
ing a constant value over 1.5 sampling rate periods (3/2 
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TD) for synchronization purposes. Since it is known that 
this 3/2 TD period is the longest period of time that the 
SPDIF audiodata signal remains at the same level, and 
it can be assumed that at least one preamble will occur 
within 64 rising edges of the extracted clock signal s 
XFLCLK, the count stored in the maximum count regis- 
ter after 64 rising edges of the extracted clock signal 
XR_CLK is related to the frequency of the incoming au- 
dio data signal by the following equation: 

.10 

FD = ( 64 x 3/2 ) / ( MAX COUNT x 8. 1 33 nS) (2) 

wherein the factpr of 64 arises, because each audio data 
sample is taken with 64 bits every audio sampling period is 
in normal mode. 

To avoid such calculation, however, the count 
stored in the maximum count register (i.e., the term MAX 
COUNT in the above equation) is compared against four 
precalculated threshold values in the following manner: 20 

(a) if the MAX COUNT is less than 45, th en the fre- 
quency FD of the incoming SPDIF audio data 
stream is determined to be 6. 1 44 MHz (96 Khz sam- 
pling rate 64 bits every audio sampling period in nor- 25 
mal mode), and the 2 bits FREQ are set, for exam- 
ple, to 11; 

(b) if the MAX COUNT is greater than or equal to 
45, but less than 78, then the frequency FD of the 
incoming SPDIF audio data stream is determined 30 
to be either 2.8224 MHz (44. 1 Khz sampling rate 64 
bits every audio sampling period in normal mode) 

or 3.072 MHz (48 Khz sampling rate 64 bits every 
audio sampling period in normal mode), and the 2 
bits FREQ are set, for example, to 10; 35 

(c) if the MAX COUNT is greater than or equal to 
78, but less than 96, then the frequency FD of the 
incoming SPDIF audio data stream is determined 
to be 2.048 MHz (32 Khz sampling rate 64 bits every 
audio sampling period in normal mode), and the 2 40 
bits FREQ are set, for example, to 01.; and 

(d) if the MAX COUNT is greater than 96, then the 
frequency FD of the incoming SPDIF audio data 
stream is determined to be DC : and the 2 bits FREQ 
are set, for example, to 00. In this last case, where 45 
the frequency FD changes to DC (0 Hz), a zero fre- 
quency signal is activated to indicate to other cir^ 
cuitry of the digital audio equipment that data is not 
coming in at the time. Subsequently, after data is 
determined to be coming in again by the frequency so 
FD being one of the frequencies 2.048 MHz, 2.8224 
MHz, 3.072 MHz, or 6.144 MHz, then the zero fre- 
quency signal is deactivated to indicate to other cir- 
cuitry of the digital audio equipment that data is 
coming in at the time, and a relocking signal is ac- 55 
tivated (i.e., placed in a relocking mode state) to in- 
form the PLL tuning logic 1 20 to retune the self-tun- 
ing phase-locked loop circuit 100 to the new fre- 



quency FD. 

The timing signals generator 402, as depicted in fig. 
6, includes a counter (W0_COUNTER) 601 having a 
clock input coupled to the clock signal W0_CLK for 
counting rising edges of the clock signal W0 CLK, an 
enable input coupled to an enable signal W0_EN gen- 
erated by the synch generator 405, and an output pro- 
vided to a first input of an OR gate 607. Also included 
are a register (W0_REGISTER) 602 for programming 
the upper limit count of the counter 601 , and a multiplex- 
er circuit (W0_MUX) 603 for passing one of the decimal 
values 5, 1 0 or 1 5 to be stored in binary form in the reg- 
ister 602, in response to the 2 bits FREQ set by the fre- 
quency detector 403. 

Also included is a counter (W1_COUNTER) 604 
having a clock input coupled to the clock signal W1_CLK 
for counting rising edges of the clock signal W1_CLK, 
an enable input coupled to an enable signal W1_EN 
generated by the synch generator 405, and an output 
provided to a second input of the OR gate 607. Also in- 
cluded are a register (W1_REGISTER) 605 for pro- 
gramming the upper limit count of the counter 604, and 
a multiplexer circuit (W1_MUX) 606 for passing one of 
the decimal values 5, 1 0 or 1 5 to be stored in binary form 
in the register 604, in response to the 2 bits FREQ set 
by the frequency detector 403. 

An output of the OR gate 607 is thereupon provided 
to each of four counters. A first counter 608 is a conven- 
tionally count-to-2 counter which generates a timing sig- 
nal S_2, a second counter 609 is a conventional coUnt- 
to-3 counter which generates a timing signal S_3, a third 
counter 610 is a conventional count-to-5 counter which 
generates a timing signal S_5, and a fourth counter is a 
conventional count-to-8 counter which generates a tim- 
ing signal S_8. Each of the counters 608-611 is reset by 
the extracted clock signal XR_CLK generated by the 
clock signal extractor 404. 

When the 2 bits FREQ are set at 01 indicating a 
frequency FD of 2;048 MHz (32 Khz sampling rate with 
64 bits every sampling period during normal mode), the 
multiplexer circuits 603 and 606 pass the decimal value 
1 5 to be stored in binary form in the registers 602 and 
605. On the other hand, when the 2 bits FREQ are set 
at 10 indicating a frequency FD of either 2.8224 MHz 
(44.1 Khz sampling rate with 64 bits every sampling pe- 
riod during normal mode) or 3.072 MHz (48 Khz sam- 
pling rate with 64 bits every sampling period during nor- 
mal mode), the multiplexer circuits 603 and 606 pass 
the decimal value 10 to be stored in binary form in the 
registers 602 and 605. Finally, when the 2 bits FREQ 
are set at 11 indicating a frequency FD of 6.144 MHz 
(96 Khz sampling rate with 64 bits every sampling period 
during normal mode), the multiplexer circuits 603 and 
606 pass the decimal value 5 to be stored in binary form 
in the registers 602 and 605. 

The counters 601 and 604 are enabled by altemat- 
ingly activating enable lines W0_EN and W1 JEN so that 



DCID: <EP 



13 



EP 0 844 738 A2 



14 



when one of the counters is being used, the other is not 
being used. As a result, the counters 601 and 604 alter- 
natingly generate output pulses after counting up to the 
upper count limit stored in their respective registers 602 
and 605 so that a clock signal having a pulse period of s 
122.0 ns (15*8.133 nanoseconds) and a frequency of 
8.2 MHz, or approximately four times the detected fre- 
quency FD, is generated at the output of the OR gate 
607 when the detected frequency FD is 2.048 MHz. Al- 
so, a pulse period of 81.3 ns (10*8.133 nanoseconds) 10 
and a frequency of 12.3 MHz, or approximately four 
times the detected frequency FD, is generated at the 
output of the OR gate 607 when the detected frequency 
FD is either 2.8224 MHz. or 3.072 MHz. Similarly, a pulse 
period of 40.7 ns (5*8. 1 33 nanoseconds) and a f requen- 15 
cy of 24.6 MHz, or approximately four times the detected 
frequency FD, is generated at the output of the OR gate 
607 when the detected frequency FD is 6. 144 MHz. 

Since the clock signal output of the OR gate 607 is 
always approximately four times the frequency of the 20 
detected frequency FD of the SPDIF audio data signal, 
four pulses are always generated during each time pe- 
riod TD of the SPDIF audio data signal. Since the coun- 
ter 608 is reset by the extracted clock signal XR_CLK, 
and counts 2 pulses of the output of the OR gate 607 25 
before generating a rising edge pulse, it generates a tim- 
ing signal S_2 which is delayed one-half period (i.e., TD/ 
2) relative to the extracted clock signal XR_CLK. Simi- 
larly, since the counter 609 is reset by the extracted 
clock signal XR_CLK,'and counts 3 pulses of the output so 
of the OR gate 607 before generating a rising edge 
pulse, it generates a timing signal S_3 which is delayed 
three-fourth a period (i.e., 3TD/4) relative to the extract- 
ed clock signal XR_CLK. 

Since the counter 610 is reset by the extracted clock 35 
signal XR_CLK, and counts 5 pulses of the output of the 
OR gate 607 before generating a rising edge pulse, it 
generates a timing signal S_5 which is always zero dur- 
ing data reading mode, since rising edge pulses of the 
extracted clock signal XR_CLK occur every four pulses 40 
on the output of the OR gate 607. During preamble read- 
ing mode, however, six pulses on the output of the OR 
gate 607 occur between the first two rising edge pulses 
of the extracted clock signal XR_CLK (see, e.g., fig. 15 
at times t5 and tc) and as a consequence, a pulse occurs 45 
on the timing signal S_5, which can be used as a pre- 
amble detection indicator to cause the phase-frequency 
detector 1 02 to be disabled during the preamble reading 
period. 

Similarly, since the counter 611 is reset by the ex- so 
tracted clock signal XR_CLK, and counts 8 pulses of the 
output of the OR gate 607 before generating a rising 
edge pulse, it generates a timing signal S_8 which is 
always zero during data reading mode, since rising edge 
pulses of the extracted clock signal XR_CLK occur eve- 55 
ry four pulses on the output of the OR gate 607. During 
preamble reading mode, however, ten pulses on the out- 
put of theOR gate 607 occur between the last two rising 



edge pulses of the extracted clock signal XR_CLK (see, 
e.g., fig. 15 at times tc and t9) and as a consequence, 
a pulse occurs on the timing signal S_8, which can be 
used as a preamble ending indicator to cause the 
phase-frequency detector 102 to be enabled again in 
preparation for a data reading period. To accomplish the 
above, the extracted clock signal XR_CLK is forced dur- 
ing a time initiated by the first rising edge of the timing 
signal S_2 after a rising edge on the timing signal S_5 
indicates a preamble, until a first rising edge on the tim- 
ing signal S_8 indicates the end of the preamble (e.g., 
between times t7 and te in fig. 15) by circuitry (not 
shown) included in the digital audio equipment which 
overrides the clock signal extractor 404 during this pe- 
riod. 

The clock signal extractor 404, as depicted in fig. 7, 
includes a D flip-flop 701 , and an exclusive-OR 702. The 
D flip-flop 701 has a D-input coupled to the SPDIF audio 
data signal, a clock input coupled to the timing signal 
S_3 generated by the timing signals generator 402, and 
a Q-output providing a FLIP signal. The exclusive-OR 
702 has a first input coupled to the SPDIF audio data 
signal, a second input coupled to the FLIP signal gen- 
erated by the D flip-flop 701 , ahd an output providing the 
extracted clock signal XR_CLK. 

The synch generator 405, as depicted in fig. 8, in- 
cludes a D flip-flop 801 , and an inverter 802. The D flip- 
flop 801 has a clock input coupled to the extracted clock 
signal XR_CLK generated by the clock signal extractor 
404. The inverter 802 has an input coupled to the Q- 
output of the D flip-flop 801, and an output coupled to 
the D-input of the D flip-flop 801 . Since the Q-output of 
the D flip-flop 801 is coupled to the enable line W0_EN, 
and the D-input of the D flip-flop 801 is coupled to the 
enable line Wl^EN, the inverter feedback causes the 
enable lines W0_EN and W1_EN to alternately be acti- 
vated and deactivated each rising edge of the extracted 
clock signal XR_CLK. In addition, since the enable lines 
W0__EN and W1_EN are activated by rising edges of the 
extracted clock signal XR_CLK, this causes the clock 
signal outputs of the counters 601 and 604, and the tim- 
ing signals S_2, S_3, S_5, and S_5 to be synchronized 
with the extracted clock signal XR_CLK. 

The phase-frequency detector enable signal gener- 
ator 406, as depicted in fig. 9, includes a count-to-28 
counter 901 , an inverter 902, and a set-resettable D flip- 
flop 903. The count-to-28 counter 901 receives the ex- 
tracted clock signal XR_CLK, and counts 28 rising edg- 
es of the extracted clock signal XR CLK before gener- 
ating a rising edge pulse on its output. This is the number 
of periods required for reading a record of data from the 
SPDIF audio data signal. The count-to-28 counter 901 
is reset by the first rising edge of the timing signal S^2 
after a rising edge on the timing signal S_8, to indicate 
that a new record of data from the SPDIF audio data 
signal is to be read. The inverter 902 is coupled between 
the output of the count-to-28 counter 901 and a D-input 
of the set-resettable D flip-flop 903. The timing signal 
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S_2 is coupled to a clock input, the timing signal S_5 is 
coupled to a reset input, and the timing signal S_8 is 
coupled to a set input ol the set-resettable D flip-flop 
903. Consequently, a phase-frequency detector enable 
signal PDE is generated at a Q-output of the set-reset- 
table D flip-flop 903, which is active during the 28 peri- 
ods of TD during which data is to be read, thereby ena- 
bling the self-tuning phase-locked loop circuit 100. Sub- 
sequently, the phase-lrequency detector enable signal 
PDE is placed in a deactivated state by the timing signal 
S_5 resetting the flip-flop 903 after detecting a preamble 
on the incoming audio data signal, and then set again 
to the active state by the timing signal S_8 indicating the 
end of the detected preamble. 

The DCO calibrator 407, as depicted in fig. 10, in- 
cludes DCO calibration logic 1001, which cooperates 
with the multiplexer 504 generating the calibration clock 
signal C_CLK, and four demultiplexer circuits 
1002-1005 providing enable signals to the DCOs 
411-414. The DCO calibration logic 1001 is preferably 
implemented as a state machine running with the clock 
signal F_CLK, and operates according to a process de- 
scribed in reference to fig. 14. Referring to fig. 14, in a 
first step 1401, the DCO calibration logic 1001 gener- 
ates a 2 bit COUNT value provided to the multiplexer 
circuit 504 and each of the demultiplexer circuits 
1002-1005, to select one of the four programmable 
DCOs 411-414 for calibration. In a second step 1402, 
the DCO calibration logic 1 001 counts the number of ris- 
ing edges on the clock signal C_CLK, between succes- 
sive rising edges of the reference clock signal 
REF_CLK: Since the reference clock signal REF_CLK 
is maintained at a frequency of (1/128) MHz, its clock 
period is always 128,000 nanoseconds. Further, since 
all of the DCO clock signals are desired to be maintained 
at a clock period of 8.133 nanoseconds, the count of 
rising edges on the clock signal C_CLK should be ap- 
proximately 15,738 between rising edges of the refer- 
ence clock signal REF_CLK. To synchronize the clock 
signal C_CLK to the reference clock signal REF_CLK, 
the DCO calibration logic 1001 generates an enable sig- 
nal CEN which is provided through a selected one of the 
demultiplexers 1002-1005 to the DCO being calibrated, 
such that it enables the DCO being calibrated upon a 
rising edge of the reference clock signal REF CLK. In a 
third step 1403, if the count of rising edges on the clock 
signal C CLK is 15,738, then the 2 bit COUNT is 
changed so that the next one of the programmable 
DCOs 411-414 is calibrated. On the other hand : in a 
fourth step 1 404, if the count of rising edges on the clock 
signal C_CLK is riot equal to 15,738, then the DCO cal- 
ibration logic 1001 adjusts a programmable parameter 
of the programmable DCO being calibrated (i.e., its pro- 
grammable offset parameter), until the count of rising 
edges on the clock signal C CLK is equal to 1 5,738: One 
technique for conducting such adjustment involves per- 
forming a binary search on an offset parameter of the 
programmable DCO being calibrated, until either the 



count of rising edges on the clock signal C_CLK is equal 
to 15,738, or the number of bits indicating the offset pa- 
rameter have been each modified according to the bi- 
nary search. Upon completion of the binary search, the 
5 2 bit COUNT is changed so that the next one of the pro- 
grammable DCOs 411-414 is calibrated, and steps 
1401-1404 are repeated. 

The frequency change detector 408 is preferably 
implemented as a state machine, running with the clock 

io signal F_CLK, and operates according to a process de- 
scribed in reference to fig. 12. Referring to fig. 12, in a 
first step 1201 , the frequency change detector 408 ini- 
tializes by setting a count to zero. In a second step 1 202, 
the frequency change detector 408 receives the 2 bit 

75 FREQ generated by the frequency detector 403, and in 
a third step 1203, compares the received 2 bit FREQ 
with a 2 bit FREQ value stored, for example, in a current 
frequency register, wherein the stored 2 bit FREQ value 
corresponds to the last established frequency (FD) of 

2Q the incoming audio data signal SPDIF. If the generated 
2 bit FREQ equals the stored 2 bit. FREQ, then a fre- 
quency change has not been detected, and steps 
1 202-1 203 are repeated. On the other hand, if the gen- 
erated 2 bit FREQ does.not equal the stored 2 bit FREQ, 

25 then a frequency change has been detected, and in a 
fourth step 1204, the frequency change detector 408 in- 
crements the count initialized in step 1 201 . In a fifth step 
1205, if the incremented count is equal to 1, then. the 
frequency change detector 408 stores the received 2 bit 

^0 FREQ in a different frequency register, and steps 
1202-1205 are repeated. On the other hand, if the in- 
cremented count is greater than 1 , then in a seventh 
step 1207, the frequency change detector 408 com- 
pares the received 2 bit FREQ against the frequency 

35 stored, in step 1 206, in the different frequency register. 
If the received 2 bit FREQ does not equal the frequency 
stored in the different frequency register, then steps 

1201- 1207 are repeated. On the other hand, if the re- 
ceived 2 bit FREQ does equal the frequency stored in 

40 the different frequency register, then in an eighth step 
1 208, the frequency change detector 408 checks to see 
. if the incremented count is equal to three. If the incre- 
mented count is not equal to three, then steps 

1202- 1208 are repeated. On the other hand, if the in- 
45 cremented count is equal to three (i.e., a different fre- 
quency other than that stored in the current frequency 
register has been detected three times in a row), then 
the frequency change detector 408 determines that a 
change in frequency has occurred, stores the received 

50 2 bit FREQ in the current frequency register, and acti- 
vates a RELOCK line (i.e., places the relock signal RE- 
LOCK in the relocking mode state) coupled to the PLL 
tuning logic 120 so that the PLL tuning logic 120 tunes 
the self-tuning phase-locked loop circuit 1 00 to the new 

55 frequency. 

The PLL tuning logic 120 is preferably implemented 
as a state machine running with the clock signal F_CLK, 
and operates according to a process described in refer- 
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ence to fig. 13. Referring to fig. 13, in a first step 1301, 
the PLL tuning logic 120 detects when the frequency 
change detector 408 activates the RELOCK line, and in 
response thereof .first disables the phase-frequency de- 
tector 102 before initiating a retuning of the self-tuning 
phase-locked loop circuit 100. It does this, for example, 
by overriding the phase-frequency detector enable sig- 
nal PDE generated by Ihe phase-frequency detector en- 
able signal generator 406, which during normal data 
read mode operation, drives the phase-frequency ena- 
ble line PFD_EN coupled to the phase-frequency detec- 
tor 102. 

In a second step 1302, the PLL tuning logic 120 
causes the input voltage VIN to the programmable VCO 
105 to be adjusted to an optimal input voltage such as 
one-half the supply voltage VCC (e.g., VCC/2). It does 
this, for example, by causing charge to be added or sub- 
tracted from the charge pump 103, so that the charge 
pump 103 in turn, adjusts the voltage on the node 122 
to the optimal input voltage. 

In a third step 1 303, the PLL tuning logic 1 20 adjusts 
the programmable VCO offset input (i.e., Contents of F- 
register 1051) to generate a maximum VCO output fre- 
quency (Fl) with VIN at the optimal input voltage (e.g., 
VCC/2). Where the F-register is 7-bits wide and a bit 
pattern "OOOOOOO" stored therein causes the offset fre- 
quency (FC) to be a maximum value and a bit pattern 
"1111111 " stored therein causes the offset frequency 
(FC) to be a minimum value, the PLL tuning logic 120 
does this, for example, by providing the bit pattern 
"0000000" on data lines 121 while enabling the F-reg- 
ister enable line F_WR. 

In a fourth step 1304, the PLL tuning logic 120 gen- 
erates a tuning clock signal CLK(FM) at a fixed refer- 
ence frequency of (1/128) MHz by providing the system 
clock signal SYS_CLK at the input of the divide-by-M 
circuit 101, causing seiector 108 through select line 
M_SEL to pass the contents of the register coupled to 
data lines 111 to the M-register 1011, and storing the 
passed contents into the M-register 1011 by enabling 
the write line M_WR, wherein the register coupled to da- 
ta lines 111 stores the number equal to a rbunded-of> 
product of the system clock frequency times 128 Mhz, 
as previously described. 

In a fifth step 1305, the PLL tuning logic 120 either 
calculates a value to be stored in the Q-register 1061 of 
the divide-by-Q 106, or looks up the value in a look-up 
table (LUT) residing, for example, in the external mem- 
ory. To calculate the value to be stored in the Q-register 
1061 , the following equation is used: 

Q = Nx(FDx 128) (3) 

where, 

N = 4 or 6, as examples, depending upon the sam- 
pling rate requirements of circuitry in the digital 



audio equipment; 
FD = the detected frequency (FD) in MHz; and 
128 = the reciprocal of the tuning clock signal CLK 

(FM) frequency (FM) in MHz -1 . 

5 

The PLL tuning logic 120 thereupon causes the looked 
up value to be stored in the Q-register 1061 by causing 
selector 112 through select line Q_SEL to pass the data 
on the.data lines 1 1 4 to the Q-register 1 061 , and storing 

io the passed data into the Q-register 1 061 by enabling the 
write line Q_WR, wherein the data lines 1 1 4 are coupled 
to the external memory containing the look-up table, and 
the PLL tuning logic 120 or other circuitry in the digital 
audio equipment have caused the value looked-up in 

15 the look-up table to have been provided on the data lines 
114. 

In a sixth step 1306, the PLL tuning logic 120 pro- 
grams the N-counter 1072 of the divide-by-N 107 to 
count to its maximum value by activating a MAX signal 

20 line, for example, which in turn, effectively results in the 
N-counter 1072 functioning as if a bit pattern of all Vs 
had been loaded into the N-register 1071. As a result, 
the N-counter 1072 counts rising edges on the output 
• clock signal CLK(FO) until either the N-counter 1072 is 

25 reset or the count reaches its maximum value as deter- 
mined by the number of bits in the N-register 1071 . 

. In a seventh step 1307, the PLL tuning logic 120 
starts the N-counter 1062 counting, for example, by ac- 
tivating the reset line RSTN coupled to the divide-by-N 

^0 107 and enabling the current-controlled oscillator ena- 
ble line CCOEN. The PLL tuning logic 1 20 receives the 
tuning clock signal CLK(FM), After eight rising edges of 
the tuning clock signal CLK(FM), the PLL tuning logic 
120 stops the N-counter 1072, by disabling the current- 

35 controlled oscillator enable line CCOEN. The count of 
rising edges of the output clock signal CLK(FO) for eight 
periods or rising edges of the tuning clock signal CLK 
(FM) is then available on data lines 115 of the divide-by 
N 107. 

40 in an eighth step 1308, the PLL tuning logic 120 
loads a truncated version of the count of the N-counter 
1072 into the Q-register 1061 of the divide-by-Q 106, 
and loads the value previously stored in the Q-register 
1061 and corresponding to equation (3) ; into the N-reg- 

45 jster 1071. In particular, the new value to be stored in 
the Q-register 1061 is determined by truncating the 
. 7 count of the N-counter 1 062 by three bits, which is equiv- 
alent to dividing the count by eight, thereby compensat- 
ing for the eight periods of the tuning clock signal CLK 

so (FM) used in determining the count. A simple way of im- 
plementing this, is to not couple the data lines corre- 
sponding to the three least-significant-bits of the count 
to the selector 1 12, and couple the remaining data lines 
to the selector 112, shifted accordingly. The PLL tuning - 

55 logic 120 thereupon causes the truncated version of the 
count to be stored in the Q-register 1061 by causing se- 
lector 112 through select line Q_SEL to pass the data 
on the coupled data lines to the Q-register 1061, and 
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storing the passed data into the Q-register 1061 by en- 
abling the write line Q_WR. Since the value previously 
stored in the Q-register 1061 and corresponding to 
equation (3) is still residing on the data lines 114, the 
PLL tuning logic 1 20 loads this value into the N-register s 
by simply enabling the write line N_WR. 

In a ninth step 1309, the PLL tuning logic 120 then 
performs a binary search operation on the contents of 
the F-register 1051 of the programmable VCO 105, until 
either the count of the N-counter 1072 after eight pulses io 
of the tuning clock signal CLK(FM) is equal to eight (i: 
e., the frequency (FN) of the clock signal CLK(FN) is 
equal to the frequency of the tuning clock signal CLK 
(FM)), or each of the bits of the F-register have been 
adjusted according to the binary search. As an example, 15 
of the binary search technique, the bit pattern "100000" 
is first loaded into the F-register 1051, and the CCO 
1 053 of the programmable VCO 1 05 is enabled for eight 
rising edges of the tuning clock signal CLK (FM) by en- 
abling the enable line CCOEN for this period of time. If 20 
the count on the N-counter 1 072 is more than eight, then 
the contents of the F-register are too high (i.e., the PLL 
output frequency is too high), and the bit pattern 
"010000" is next loaded into the F-register 1051, and 
the count of the N-counter 1 072 checked again for eight 25 
rising edges of the tuning clock signal CLK(FM). On the 
other hand, if the count on the N-counter 1072 is less 
than eight, then the contents of the F-register are too 
low (i.e., the PLL output frequency is too low), and the 
bit pattern "110000" is next loaded into the F-register 30 
1051, and the count of the. N-counter 1072 checked 
again for eight rising edges of the tuning clock signal . 
CLK(FM). Successive iterations then follow until either 
the count on the N-counter 1072 is equal to eight, or all 
of the bits of the F-register 1 051 have been adjusted by 35 
the binary search operation. The PLL tuning logic 120 
receives both the tuning clock signal CLK(FM) and the 
clock signal output CLK(FN) of the divide-by-N 107, and 
performs such above described count functions prefer- 
ably with counters implemented in the state machine im- 40 
plementing the PLL tuning logic 120. 

Finally, in tenth and eleventh steps, 1 31 0 and 1311, 
the PLL tuning logic 120, having tuned the self -tuning 
phase-locked loop circuit 100 by adjusting the contents 
of the Q-register 1061 of the divide-by-Q 106 and the F- 45 
register 1051 of the programmable VCO 105, then re- 
stores the proper operational values into the N-register 
1071 (e.g., 4or6)andtheM-register 1011 (e.g., 1), pro- 
vides the. extracted clock signal XR_CLK as the input 
clock signal CLK(FD) to the divide-by-M 101 , and syn- so 
chronizes the output clock signal CLK(FO) with the input 
clock signal CLK(FD) by activating the enable line 
CCOEN of the programmable VCO 105 upon a rising 
edge of the input clocksignalCLK(FD), after re-enabling 
the phase-frequency detector 102 by activating the ss 
phase-frequency detector enable line PFD_EN. At the 
same time, the PLL tuning logic 1 20 also generates the 
enable line FEN so that the F_CLK signal will also be 



synchronized with the extracted clock signal XR_CLK. 

Fig. 15 illustrates, as examples, timing diagrams 
useful for describing the process of extracting a clock 
signal from the SPDIF audio data signal, and generating 
a phase-frequency detector enable signal PDE during 
normal mode operation (i.e., not during a PLL tuning pe- 
riod). The incoming audio data signal SPDIF is coded 
in biphase mark, and records of data individually com- 
prise four periods TD of a synchronizing preamble fol- 
lowed by twenty-eight periods TD of data. In particular, 
the last four periods of data (time 1 1 -t5) for a prior record, 
a preamble for a next record (time t5-t9), and the first 
two periods of data (time t9-tll) for the next record are 
illustrated in fig. 15. In addition, examples of timing sig- 
nals S_2, S_3, S_5, and S_8 are also illustrated, as well 
as a flip signal FLIP resulting at the Q-output of the D 
flip-fiop 701 of the clock signal extractor 404, the extract- 
ed clock signal XR_CLK resulting at the output of the 
exclusive-OR 702 of the clock signal extractor 404, and 
the phase-frequency detector enable signal PDE result^ 
ing at the Q-output of the set-resettable D flip-flop 903 
of the phase-frequency detector enable signal genera- 
tor 406. Of special note is that during the period between 
t7 and te of the preamble, the output of the extracted 
clock signal XR_CLK is forced to resemble the wave- 
form indicated, in order that the timing signal S_8 gen- 
erates a rising edge at time Id to indicate that the phase- 
frequency detector enable line PDE should be activated. 
This force period starts from the first rising edge of the 
timing signal S_2 after a rising edge of the timing signal 
S_5 indicates detection of a preamble, and ends after 
the first rising edge of the timing signal S_8 indicates 
the end of the detected preamble. During the force pe- 
riod, the FLIP signal is also forced LOW following a first 
rising edge of the timing signal S 3, by, for example, re- 
setting the flip-flop 701 . 



Claims 

1. A self-tuning phase-locked loop circuit comprising: 

a divide-by-M circuit having an input and an 
output, said divide-by-M circuit input receiving 
an input clock signal having an input clock fre- 
quency; 

a phase-frequency detector circuit having a first 
input, a second input, and an output, said 
phase-frequency detector circuit first input cou- 
pled to said divide-by-M circuit output; 
a voltage-controlled oscillator circuit coupled to 
a power supply providing a supply voltage, said 
voltage-controlled oscillator circuit having a 
voltage input, at least one parameter adjusting 
input, and an output, said voltage input receiv- 
ing an input voltage from a node switchably 
coupled to said phase-frequency detector cir- 
cuit output, said at least one parameter adjust- 
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ing input receiving at least one parameter ad- 
justing value, and said voltage-controlled oscil- 
lator circuit output providing an output clock sig- 
nal having an output clock frequency related to 
said input voltage and said at least one param- s 
eter adjusting value; 

a divide-by-N circuit having an input and an out- 
put, said divide-by-N circuit input receiving said 
output clock signal, and said divide-by-N output 
coupled to said phase-frequency detector cir- io 
cuit second input; and 

a tuning circuit coupled to said phase-frequen- 
cy detector circuit and said voltage-controlled 
oscillator circuit, said tuning circuit receiving a 
relock signal, and if said relock signal is in a *5 
relocking mode state, switchably decoupling 
said phase-frequency detector circuit output 
from said node, and adjusting said at least one 
parameter adjusting value such that said output 
clock frequency is approximately equal to said 20 
input clock frequency multiplied by a closed 
loop gain of the self-tuning phase-locked loop 
circuit when said input voltage is one-half the 
supply voltage. 

25 

2. The self-tuning phase-locked loop circuit as recited 
in claim 1, wherein .said phase-frequency detector 
circuit includes an output control circuit coupled to 
said tuning circuit, said output control circuit ena- 
bling said phase-frequency detector circuit output 30 
to provide said input voltage to said voltage-control- 
led oscillator voltage input when said relock signal 

is not in said relocking mode by coupling said 
phase-frequency detector circuit output to said 
node, and disabling said phase-frequency detector 35 
circuit output from providing said input voltage to 
said voltage-controlled oscillator voltage input 
when said relock signal is in said relocking mode by 
decoupling said phase-frequency detector circuit 
output from said node. 40 

3. The self-tuning phase-locked loop circuit as recited 
in claim 2, further comprising an input voltage ad- 
justing circuit coupled to said tuning circuit and said 
node, wherein said tuning circuit causes that input 45 
voltage adjusting circuit to adjust the voltage on said 
node to approximately one-half the supply voltage 
when said relock signal is in said relocking mode. 

4. The self-tuning phase-locked loop circuit as recited so 
in claim 3, wherein said at least one parameter ad- 
justing input includes a frequency offset input and 

a gain adjustment input, and said voltage-controlled 
oscillator circuit comprises: 

55 

means for storing a programmable frequency 
offset value received through said frequency 
offset input; 



a voltage-to-current converter circuit having an 
input and an output, said voltage-to-current 
converter circuit input receiving said input volt- 
age, and said voltage-to-current converter cir- 
cuit output providing a current; 
a current-controlled oscillator circuit having an 
input and an output, said current-controlled os- 
cillator circuit input receiving said voltage-to- 
current converter circuit output current, and 
said current-controlled oscillator circuit output 
providing an interim clock signal having an in- 
terim frequency related to said programmable 
frequency offset value and said voltage-to-cur- 
rent converter circuit output current; and 
a divide-by-Q circuit including means for stor- 
ing a divisor value received through said gain 
. adjustment input, said divide-by-Q circuit hav- 
ing an input and an output, said divide-by-Q cir- 
cuit input receiving said interim clock signal, 
and said divide-by-Q circuit output providing 
. said output clock signal having said output fre- 
quency related to said input voltage and said at 
least one parameter adjustable vaiue, and ap- 
proximately equal to said interim frequency di- 
vided by said divisor value stored in said storing 
means of said divide-by-Q circuit. 

5. A self-tuning clock recovery phase-locked loop cir- 
cuit coupled to a.supply voltage, comprising: 

a divide-by-M circuit having an input for receiv- 
ing a reference clock signal, and an output; 
a phase-frequency detector circuit having a first 
input, a second input, and an output, wherein 
said first input is coupled to said divide-by-M 
circuit output; 

a voltage-controlled oscillator having a voltage 
input, a programmable offset input: and an out- 
put, wherein said voltage input is switchably 
coupled to said phase-frequency detector cir- 
cuit output, and said voltage-controlled oscilla- 
tor output has a frequency responsive to said 
voltage input and said programmable offset in- 
put; 

a divide-by-N circuit having an input and an out- 
put, said input coupled to said voltage-control- 
led oscillator output, and said output coupled to 
said phase-frequency detector second input; 
means for determining a clock frequency from 
an incoming data stream; and 
means for adjusting said voltage-controlled os- 
cillator programmable offset input so that said 
voltage -control led oscillator is approximately 
equal to the determined clock frequency multi- 
plied by a closed loop gain of the phase-locked . 
loop circuit when said voltage-controlled oscil- 
lator voltage input is equal to an optimal input 
voltage for said voltage-controlled oscillator. 
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6. The self-tuning clock recoveryy phase-locked loop 
circuit as recited in claim 5, wherein said optimal 
input voltage is approximately one-half the voltage 
of the supply voltage coupled to said self-tuning 
clock recovery phase-locked loop circuit. s 

7. A method of tuning a phase-locked loop circuit to 
recover a clock signal from an incoming data 
stream, said phase-locked loop circuit including a 
voltage -controlled oscillator having a voltage input, 10 
at least one adjustable parameter, and an output 
having a frequency responsive to said voltage input 
and said at least one adjustable parameter, the 
method comprising the steps of: 

15 

determining a clock frequency of the incoming 
data stream; and 

adjusting said voltage-controlled oscillator at 
least one adjustable parameter so that said 
voltage-controlled oscillator output frequency 20 
is approximately equal to said determined clock 
frequency multiplied by a closed loop gain of 
the phase-locked loop circuit when said volt- 
age-controlled oscillator voltage input is at an 
optimal input voltage providing optimal linearity 25 
and dynamic range for said voltage-controlled 
oscillator. 

8. The method as recited in claim 7, wherein said clock 
frequency determining step comprises the step of 30 
determining the clock frequency of the incoming da- 
ta stream from.the incoming data stream. 

9. The method as recited in claim 8, wherein said clock 
frequency determining step comprises the step of 35 
determining the clock frequency from the incoming 
data stream by identifying a portion of the incoming 
data stream which is constant valued for a known 
period of time. 

40 

10. The method as recited in claim 7, further comprising 
before said voltage-controlled oscillator at least one 
adjustable parameter adjusting step, the step of ex- 
tracting a data stream clock signal from the incom- 

. ing data stream. 45 

11. The method as recited in claim 10, wherein said at 
least one adjustable parameter includes an offset 
parameter, said phase-locked loop circuit further in- 
cludes a phase-frequency detector and means for so 
coupling and decoupling an output of said phase- 
frequency detector to and from said voltage-control- 
led oscillator voltage input, and said voltage-con- 
trolled oscillator at least one adjustable parameter 
adjusting step comprises the steps of: 55 

causing said coupling and decoupling means 
to decouple said phase-frequency detector out- 



put from said voltage-controlled oscillator volt- 
age input; 

adjusting said voltage-controlled oscillator volt- 
age input to substantially said optimal input 
voltage; 

adjusting said offset parameter until said volt- 
age-controlled oscillator frequency output is 
substantially equal to the determined clock fre- 
quency from the incoming data stream multi- 
plied by the closed loop, gain of the phase- 
locked loop circuit; 

providing said data stream clock signal extract- 
ed from the incoming data stream to an input of 
the phase-locked loop circuit; and 
causing said coupling and decoupling means 
to couple said phase-frequency detector output 
to said voltage-controlled oscillator voltage in- 
put after synchronizing said voltage-controlled 
oscillator output with said data stream clock 
signal provided to said input of the phase- 
locked loop circuit, thereby generating said re- 
covered clock signal as said voltage -control led 
oscillator output. 

12. A method of re-tuning a phase-locked loop circuit 
to recover a clock signal from an incoming data 
stream* after a. frequency of the incoming data 
stream changes, said phase-locked loop circuit in- 
cluding a voltage-controlled oscillator having a volt- 
age input, at least one adjustable parameter, and 
an output having a frequency responsive to said 
voltage input and said at least one adjustable pa- 
rameter, the method comprising the steps of: 

monitoring the incoming data stream to detect 
a change in the incoming data stream frequen- 
cy and determine a new frequency from the in- 
coming data stream after said change in fre- 
quency; and 

adjusting said voltage-controlled oscillator at 
least one adjustable parameter so that said 
voltage-controlled oscillator output frequency 
is approximately equal to said determined new 
frequency multiplied by a closed loop gain of 
the phase- locked loop circuit when said volt- 
age-controlled oscillator voltage input is at an 
optimal input voltage providing optimal linearity 
and dynamic range for said voltage-controlled 
oscillator; 

13. The method as recited in claim 12, wherein said 
monitoring step comprises the step of detecting the 
change in the incoming data stream by periodically 
determining a frequency from the incoming data 
stream, and comparing the periodically determined 
frequency against at least one threshold frequency 
value. 
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14. The method as recited in claim . 13, wherein said in- 
coming data stream frequency determining step 
comprises the steps of: 

identifying a portion of the incoming data s 
stream which is constant valued for a known 
period of time; 

generaling a fixed clock signal having a fre- 
quency greater than the incoming data stream 
frequency; and w 
counting the number of periods of said fixed 
clock signal during said known period of time. 

1 5. A method of generating a fixed frequency clock sig- 
nal from a plurality of voltage-controlled oscillators is 
and a system clock signal of known arbitrary fre- 
quency, comprising the steps of: 

programming a divide-by-S circuit such that the 
frequency divisor is approximately equal to said 20 
known arbitrary frequency multiplied by a 
preselected factor; 

generating a reference clock signal having a 
frequency substantially proportional to a recip- 
rocal of said preselected factor by providing 25 
said system clock signal to an input of said di- 
vide-by-S circuit; 

sequentially calibrating one-at-a-time said plu- 
rality of voltage-controlled oscillators with said 
reference clock signal; and 30 
generating said fixed frequency clock signal al- 
ternatingly from selected ones, which are not 
being calibrated at the time, of said plurality of 
voltage-controlled oscillators. 
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